This work has focused on using of Bee Algorithm and Artificial Bee Colony algorithm for solution the inverse problem of subsurface radar probing in frequency domain. Bees Algorithms are used to minimize the aim function. Tree models of road constructions and their characteristics have been used for solution of the subsurface radar probing inverse problem. There has been investigated the convergence of BA and ABC algorithms at minimisation of the aim function of the inverse problem of radar subsurface probing of roadway structures. There has been investigated the impact of free arguments of BA and ABC algorithm, width of the frequency range and width of the searching interval on the error of reconstruction of electro-physical characteristics of layers and duration of algorithm operating. There has been investigated the impact of electro-physical characteristics of roadway structure layers and width of the frequency range on aim function of radar pavement monitoring inverse problem.
Introduction
Monitoring and evaluation of pavement condition is important in roadway pavement engineering and management. The in-service performance of the roadway pavement depends on consistent, costeffective and accurate monitoring of condition for early scheduling of repair and maintenance [1] [2] [3] [4] . Modern ground -penetrating radar (GPR) are widely used for monitoring of roadway pavement [1, [3] [4] [5] [6] . GPR provide radar profiles of pavement. Radar profiles give only a qualitative picture of the pavement structure and its state usually. It is necessary to perform reconstruction of the pavement electro-physical characteristics with detection and identification of inner zones and objects of pavement. Reconstruction of electro-physical characteristics of the pavement structural elements is in essence identification of electrophysical characteristics of the pavement layers, which can be achieved by solving the inverse problem of radar pavement probing.
In [7] the radar pavement inverse problem has been investigated in the frequency domain. The solution of the inverse problem of radar probing had been received in the frequency domain by method of selection. The aim function Φ is used in the following form: 
where n max is a number of the spectral component with frequency f max ;
( )
is the complex spectral density from the reflected signal and is function of parameter vector P for angular frequency ωi ; P . An iterative procedure was used to select of electro-physical characteristics values and to find of the aim function Φ global minimum. Results and the duration of the inverse problem solution depends on the algorithm that is used to search the global minimum Φ [5, 7] .
Bee Algorithm (BA) [8] and Artificial Bee Colony (ABC) algorithms [9] are the latest multi-agent behavioural methods of global optimisation that are used to solve various practical problems of search and optimisation. In [10] algorithms have been described to solve the inverse problem of the radar pavement monitoring with employment of BA and ABC algorithms.
In this work BA and ABC algorithms have been used to solve the inverse problem of the radar pavement monitoring father. We research the effect of BA and ABC characteristics on the results of inverse problem solution. The peculiarities of aim functions (1) , which correspond to the tree electrophysical models of the road structures, are researched too.
Forward Modelling of Subsurface Pavement Radar Probing
Generally, any road structure consists of a road surfacing, road foundation and subgrade (subsoil). The roadway surfacing and the road foundation form road pavement of any roadway structure. All pavements are usually subdivided into flexible and rigid on the bending resistance [10] .
The flexible pavements: the pavements with layers arranged from different kinds of asphalt concrete (tarmacadam), of materials and soils, stabilized with bitumen, cement, lime and other complex cohesive substances, as well as of weakly granular materials (crushed stone, slag, gravel, etc. ). On Figure  1 a generalized the roadway structure with flexible pavement is shown, which consists of three aforenamed points [1] . Analysis of the types of road constructions shows that their structural elements having the same functionality, either performed from the same material or of materials having similar values of the electro-physical characteristics. The main differences are in the number and thickness of the structural layers of road constructions [10] . The road length, corresponding to SV / I / II / III classes loads, is more than 60% of the total road length in Latvia. Therefore three models were determined for road of SV / I / II / III classes loads. These models were used in the work in investigations of reconstruction electrical parameters of roadway constructions.
The electro-physical parameters of the modelled of the roadway constructions are presented in Tables 1-3 . The electro-physical parameters of the roadway constructions has been modelled taking into account that the roadway layers are composed of such materials as asphalt, concrete, crushed stone, crushed slag, sand and others. The number of the layers can vary but the electro-physical characteristics of some layers can be very similar or even equal. Electro-physical parameters of the model partial layers as well as the parameters of two semi-infinite spaces: upper space -air, and low space -subgrade. Forward problem of the flexible pavement structure GPR probing was solving numerically with the using of the frequency model of signal forming channel for subsurface GPR probing of flexible pavement described in [12] . Calculations were carried out under the following conditions: distance between the antennas -1 m; antennas high over upper boundary -0.05 m; half length of linear antennas -0,25 m; diameter of antennas -0,0025 m; load resistor of the receiving antenna -425 Om.
The probing signal was generated by the shock excitation of the transmitting antenna by triangular video, pulse duration of which was equal to 2 ns, and it was equal to 100 V. Complex transfer function
is calculated according to [12] for vector P , components of which are corresponded data presented in Table 1 - Table 3 . The spectrum of receiving signal is computed in the following form:
is spectrum of excitation signal
was used in expression (1) to calculate the aim function Φ.
Reconstruction of Electro-Physical Characteristics of Roadway Construction Model with Employment of BA and ABC Algorithms
There is investigation of peculiarities of solving the inverse problem of ar subsurface probing of roadway construction model with employment of BA and ABC algorithms [10] . Solution of the inverse problem has been performed with implementation three electro-physical models of roadway construction (Tables 1-3) .
The following fundamental values of free arguments of BA algorithm have been employed for searching for the global minimum of aim function Φ: number of bees-scouts -25; number of selected (the fittest) sites -7; number of elite sites -3; number of bees-foragers sent to the elite sites -5; number of bees-foragers sent to the prospective sites -2; maximum number of iterations -100; maximum number of iterations without improvement of the obtained value of aim function -4; size of sites for local searching -5% of the width of searching interval for every electro-physical characteristic of roadway construction model. The following basic values of free arguments of BA algorithm have been selected for searching the global minimum of the aim function: number of bees-scouts -25; maximum number of iterations -150; maximum number of iterations, not followed by improvement of the aim function value of every bee-scout -10.
The procedure of investigating the possibilities of BA and ABC algorithms has comprised varying the conditions of solving the inverse structural problem of radar subsurface probing of the road constructions:
• maximum frequency of spectral density Solution of the inverse problem with the specified values of free arguments BA and ABC algorithms and conditions of searching for the global minimum of the aim function has been implemented iteratively -100 times -for excluding the impact of this factor on the research results. The obtained set of independent solutions has been employed for finding the statistical estimations of the values listed above. The obtained mean values of minimal values of aim function significantly grow at expanding searching intervals. It is seen that the velocity of algorithm convergence gradually goes down with the growth of intervals width. Nevertheless, even at the minimal searching interval the error of finding the minimal value of aim function is far from zero. The BA algorithm allows finding smaller values of aim function at narrowing search range compared with the ABC algorithm. Table 4 demonstrates the relative errors of reconstruction of the electro-physical characteristics (EPC) of model 1 of roadway structure after accomplishing the 150 th iteration of BA and ABC algorithms. Values of relative errors are provided in percent. In case of insufficient a priori information (the relative searching interval width is 50%) the relative error of reconstructing the thickness of layers decreases approaching to 5% excluding the reconstruction error for the fourth layer. In case of smaller relative searching intervals the relative error of reconstructing the thickness of layers does not exceed 3%. If searching interval of 100% the value of relative errors of reconstructing the thickness of layers indicates that the reconstructed values of thickness are dispensed according to the uniform law in the searching interval. Only the thickness of the second layer can be reconstructed with error close to 5%.
If ABC algorithm is used in case the relative width of the searching interval of layer thickness does not exceed 50%, the reconstruction of thickness of any layer can be completed with relative error of less than 5%. In case of decreasing the relative width of searching interval the relative error of reconstruction of thickness of layer is less than 3%. The ABC algorithm provides reconstruction of the layer thickness with a high accuracy of at least insufficient prior information.
The value of relative dielectric permittivity of the first layer is reconstructed with error less than 1%, and the value of relative dielectric permittivity of the second layer with error less than 5% at any a priori information and does not depend on the algorithm. The relative errors of reconstructing the relative dielectric permittivity and the specific electrical conductivity of lower layers of roadway construction model practically do not depend on the algorithm, and their values are close to root mean square deviation of uniform law of random quantity, in other words the relative error is determined by specified searching interval. Table 5 presents the results of the aim functions minimization for all models of roadway construction with algorithm BA: the mean and root mean square deviations of the obtained minimal values of aim functions after accomplishing the 150 th iteration of BA. These values for model 1 of roadway construction are also presented in Fig. 2 .a. Analysis of mean minimal values of aim function reveals that decreasing number of characteristics of the aim function from 14 (model 1 of roadway construction, Table 1 ) to 10 (model 2, Table 2 ) and 7 (model 3, Table 3 ) does not improve the accuracy of aim functions minimization for inverse problem of radar subsurface probing of roadway constructions. The searching intervals width of electro-physical parameters of layers of roadway construction, in other words the degree of a priori information about the roadway construction, presents the principal influence on the aim functions minimisation. 2.0*10 -8 Table 6 demonstrates the relative errors of reconstruction of the electro-physical characteristics of models 2 and 3 of roadway construction with employment of aim function after accomplishing the 150 th iteration of BA. The comparative analysis of values presented by Table 6 and values of relative errors of reconstruction of the electro-physical characteristics of model 1 of roadway construction (Table 4) shows:
1. Increased thickness of the first layer h 1 in models 2 and 3 of roadway construction results in the situation when the error of reconstructing this parameter significantly depends on a priori information (from relative width of searching interval). The errors of reconstruction of the thickness of lower layers of models 2 and 3 of roadway construction are substantially lower than the errors of reconstruction of the thickness of similar layers of model 1 and do not depend on a priori information. It is explained by high level of signals, reflected from the boundaries of lower layers of models 2 and 3 of roadway construction.
2. The relative dielectric permittivity of two upper layers of roadway construction of models 2 and 3 are reconstructed with rather high accuracy independently from the searching interval width similar to the relative dielectric permittivity of two upper layers of model 1. The error of reconstructing the relative dielectric permittivity of lower layers of models 2 and 3 has the same values as at reconstructing the relative dielectric permittivity of lower layers of model 1 and depends on the searching interval width.
3. The error of reconstruction of the relative dielectric permittivity of layers of models 2 and 3 is only determined by the searching interval width of the corresponding parameter; the same happens for model 1 of roadway covering.
Values of the relative errors of reconstruction of the electro-physical characteristics of all models of roadway construction and the influence on them the search interval widths are explained by to the degree of influence of each the electro-physical characteristic on the aim function (1). Figures 3, 4 and 5 show the cross section of the aim function along all electro-physical characteristics (directions). The cross-sections of the aim function along the relative dielectric permittivity of the all layers of models are asymmetrical (Figure 3) . Degree of asymmetry of the cross-sections is different. The cross-section along the relative dielectric permittivity of the second and third layers have the greatest asymmetry. The aim function increases more slowly, if the value of the relative dielectric permittivity of each layer increases with respect to the model value. Fig. 4c ). This can be explained by large thicknesses of these layers. The cross-sections of the aim function along the specific electrical conductivity of the all layers of models are perfectly symmetrical for all layers as it is shown on Figure 5 .
The maximum values of the aim function for each section characterize the sensitivity to changes in the aim function of each parameter. The aim function is most sensitive to changes in the relative dielectric permittivity of the first layers (the 1 st lines on Fig. 3a, 3b and 3c ) of all three models. The aim function has high sensitivity to changes in the relative dielectric permittivity of the second layers and the thickness of the second layers (the 2 nd lines on Fig. 4a, 4b and 4c ) of all three models, also to changes in the thickness of the lower layers (the 5 th line on Fig. 4a , the 3 rd line on Fig. 4b ) of the first and second models. The aim function has the lowest sensitivity to the changing in specific electrical conductivity of all layers of the tree models (Fig. 5) in comparison to the sensitivity to the changing in relative dielectric permittivity and thickness of layers. Unequal sensitivity of aim function (1) explains the relative errors of reconstruction of the electro-physical characteristics of models of roadway construction and their dependence on the search interval width (Table 4 and Table 6 ). The higher the sensitivity of aim function Ф to the changing in the electro-physical characteristic of models of roadway construction, the smaller the relative errors of reconstruction of the electro-physical characteristics of models of roadway construction.
The results of reconstruction of similar electro-physical characteristics of layers of roadway constructions for all models coincide, that is why the further research of reconstruction of electro-physical characteristics operates with model 1 of the roadway construction. Table 6 presents the relative errors of electro-physical characteristics reconstruction of model 1 of roadway construction at different max f after accomplishing the 100 th iteration of BA. It is seen that the relative errors of reconstructing the thickness of three upper layers are less than 5% and relative errors of reconstructing the relative dielectric permittivity of two upper layers are less than 3% at max f ≥ 500MHz.
The expansion of frequency range does not affect the accuracy of reconstruction of the thickness of two lower layers. This is supported by Figure 7 and Figure 8 , which show the cross-section of the aim function along the thickness of all layers ( Figure 7 ) and along the relative dielectric permittivity of the upper three layers (Figure 8 ) of model 1 roadway construction for various f max . The aim function Ф (1) increases along each electro-physical characteristics, if the value of f max increases. But when the f max exceeds 400 MHz, aim function Ф increases insignificantly, and the sensitivity of aim function Ф to the changing in the electro-physical characteristic of model of roadway construction. Therefore, the value f max = 500 MHz has been used in the process of employment of BA and ABC algorithms for solving the inverse problem, since the relative errors of reconstruction of characteristics do not diminish significantly at big values of max f , but the number of operations in the process of calculating the AF increases, and accordingly the time of inverse problem solving also increases.
The research has investigated the impact of local searching of BA for an error of finding the minimum of aim function and for relative errors of reconstruction of the electro-physical parameters of model 1 of roadway construction. The relative searching interval at each electro-physical parameter equals 50%. The number of the fittest selected sites and number of elite sites employed for implementation of local searching for global minimum of aim function does not affect the results of solving the inverse problem. In the percentage term the size of the site for local searching must be not less than 3%-5% from the searching interval width according to the corresponding coordinate. Otherwise the efficiency of local searching decreases: the errors of determining the minimal value of aim function increase and the relative errors of reconstruction of electro-physical parameters of roadway layers grow.
Maximum number of last iterations, not followed by improvement of the aim function value employs for algorithm operating accomplishment. The error of finding the global minimum of the aim function and dispersion of values decreases while this parameter is growing (Fig. 9a) . Nevertheless, the total number of iterations till the algorithm operating accomplishment grows, consequently the time of the inverse problem solving increases. (Fig.9b) The number of iterations till the algorithm BA operating accomplishment has almost linear dependence with number of iterations, not followed by improvement. The relative root mean square deviation of number of iterations till the algorithm operating accomplishment decreases in case of increasing number of iterations without improvement. Increasing the number of iterations, not followed by improvement of the aim function value also increases the probability of localisation of reconstructed values of thickness. Nevertheless, the relative error of reconstruction decreases only for thickness of the first three layers under the values close to 5%. The errors of reconstruction of thickness of the fourth and the fifth layers also decrease in case of growing number of iterations without the aim function improvement; however the error value is more than 5% ( Fig. 10а and 10b) .
The probability of localisation of the modelled value of relative dielectric permittivity of the first layer equals to 1 at any number of iterations without the aim function improvement, and the error of reconstruction of electro-physical characteristic is less than 1% (Fig. 10c and 10d ). An increase of the number of iterations without the aim function improvement does not decrease the relative error of reconstruction of relative dielectric permittivity of other layers. The probability of localisation of the reconstructed value of relative dielectric permittivity of other layers is several times less than 1 even in case the probability of localisation grows under the condition of increasing the number of iterations without the aim function improvement. The number of iterations without the aim function improvement does not affect the localisation probability and relative errors of reconstruction of relative dielectric permittivity of the layers (Fig. 10e and 10f) .
The analysis of impact of number of iterations without the aim function improvement on the results of solving the inverse problem allows concluding that the value of this characteristic must be in the interval 6….12. An increase of the number of bees-scouts of BA has insignificant impact on probability of localisation of the reconstructed values of thickness of the first and the second layers, providing the value of the relative error of reconstruction of thickness of the first two layers less than 5%. The errors of reconstruction of thickness of the lower three layers do not depend on the number of bees-scouts; the values of errors are more than 5%. The probability of localisation of the modelled value of the relative dielectric permittivity of the first layer equals to 1 at any number of bees-scouts; the error of reconstruction of this electro-physical parameter is less than 1% When ABC algorithm is used the impact of the number of bees-scouts on the error of finding the global minimum of the aim function is insignificant. Figure 11 Nevertheless, the impact of this parameter on reconstruction of electro-physical characteristics of layers of model 1 of the roadway construction is different (Fig. 12). a b Figure 12 . Influence of maximum number of last iterations without improvement of the aim function value on relative errors of reconstruction relative dielectric permittivity and the thickness of roadway construction layers by ABC algorithms (model 1 of roadway construction)
As it has been mentioned above, the errors of reconstruction of relative dielectric permittivity of two upper layers have low values, and increasing the number of iterations without improvement makes them even lower (Fig. 12a) . The parameter of ABC algorithm under consideration has no influence on the relative error of reconstruction of relative dielectric permittivity of other layers. Figure 12b demonstrates the impact of number of iterations without improvement on relative errors of reconstruction of thickness of all layers of modelled roadway construction. Increasing the number of iterations without improvement decreases the relative errors of reconstruction of thickness of all layers to the values, which are lower than 4%. The number of iterations without improvement has no impact on relative error of reconstruction of relative dielectric permittivity of all layers.
Conclusions
The main results of employment of BA and ABC algorithms are as follows:
• the error of minimisation of the aim function mainly depends on the width of the searching interval of electro-physical characteristics; • the value of the relative error of reconstruction of electro-physical characteristics depends on the ordinal number of the layer, the type of electro-physical characteristic, and width of the searching interval; • the maximum number of spectral components must be used for the aim function calculations for decreasing the error of reconstruction of electro-physical characteristics;
• when BA algorithm is used the maximum number of iterations, not followed by improvement of the aim function and size of neighbourhood of local searching are the only factors allowing decreasing the error of reconstruction of thickness and relative dielectric permittivity of layers of roadway construction and permitting growth of probability of localisation of reconstructed value in the specified interval; • when BA algorithm is used the maximum number of iterations, not followed by improvement of the aim function must be selected from the interval 6-12, the relative size of sites for local searching must be not less than 3%-5% and the number of bees-scouts must be no fewer than 20 for minimising the number of algorithm iterations; • when BA algorithm is used It has been determined that the number of bees-scouts has no impact on the aim function minimisation and on error of reconstruction of electro-physical characteristics, but the maximum number of iterations, not followed by improvement of the aim function values must be selected from the interval 10-20; • these values of this parameter of ABC algorithm allow reconstructing the thickness of layers with error less than 5% at any a priori information; this function is not provided by Genetic algorithm and BA.
